Background. Peritoneal dialysis fluid (PDF) containing amino acids has been introduced recently aiming to improve the nutritional status of PD patients. Dextrose-based PDFs have been implicated in progressive functional and structural deterioration of the peritoneal membrane. Limited data are currently available regarding the effect of amino acid-based PDF on the function and ultrastructure of human peritoneal mesothelial cells (HPMCs), which play a critical role in peritoneal membrane pathophysiology. Methods. We investigated the effects of two commercially available PDFs, which utilized dextrose (1.5% Dianeal) or amino acids (1.1% Nutrineal) as the osmotic agent, obtained from patients after a 4 h dwell, on HPMC proliferation (MTT assay and cell counting) and viability [lactate dehydrogenase (LDH)release], interleukin-6 (IL-6) secretion (commercial enzyme-linked immunosorbent assay) and ultrastructure (scanning and transmission electron microscopy). Results. Exposure of HPMCs to 1.5% Dianeal reduced cell proliferation, total cellular protein synthesis, IL-6 secretion and cell attachment, but prolonged the cell doubling time on recovery, and increased LDH release (P-0.001, P-0.001, P-0.0001, P-0.0001, P-0.001 and P-0.001, respectively). The 1.1% Nutrineal reduced HPMC proliferation (P-0.001) and increased IL-6 secretion (P-0.0001), but did not affect cell attachment, LDH release, protein synthesis or cell doubling time. Ultrastructural studies of HPMCs exposed to Dianeal showed cell flattening, increased cell surface area, reduced microvilli, and intracellular organelles compatible with dysfunctional mitochondria. In contrast, the ultrastructural morphology of HPMCs was relatively preserved after incubation with Nutrineal. Conclusions. Our results showed that HPMC ultrastructure, viability and protein synthesis were better preserved with amino acid-based PDF, compared with conventional dextrose-based PDF. The significance of IL-6 induction by Nutrineal remains to be elucidated.
Introduction
Peritoneal dialysis (PD) is an important treatment modality for patients with end-stage renal failure. Conventional PD fluids (PDFs) contain dextrose at variable concentrations to provide the osmotic drive for ultrafiltration, a low pH to prevent glucose caramelization, and lactate to correct metabolic acidosis. During heat sterilization of conventional PDF, glucose degradation products (GDPs) are also generated. All these attributes are detrimental to the structural and functional integrity of the peritoneal membrane, thereby compromising the long-term clinical outcome. In vivo studies in long-term PD have demonstrated diabetiform alterations of the peritoneum, which included re-duplication of the peritoneal membrane, increased synthesis and deposition of matrix proteins within the submesothelium, and progressive subendothelial hyalinization, with narrowing or obliteration of the vascular lumen [1] . These structural changes are accompanied by functional abnormalities, such as ultrafiltration failure or reduced solute clearance [1] . In addition to the induction of pro-inflammatory anduor pro-fibrotic cytokines, animal and in vitro studies have highlighted the adverse effects of glucose-based PDFs on resident peritoneal cells [2, 3] . The absorption of glucose from conventional PDFs also leads to dyslipidaemia, obesity and increased satiety. In view of the adverse effects of dextrose-based PDFs, the search for alternative osmotic agents has continued.
Malnutrition is a powerful predictor of poor clinical outcome in patients on PD. The recent introduction of amino acid-based PDFs has been associated with modest nutritional benefits. Results from in vitro studies suggest that amino acid-based PDFs may be more biocompatible compared with dextrose-based PDFs with respect to their effects on the viability and function of mononuclear leukocytes and mesothelial cells [4, 5] . However, these studies have either exposed peritoneal cells to fresh unused PDF, or have involved ex vivo culture of peritoneal cells without further exposure to PDF, and therefore represented artificial settings rather than the clinical scenario. At each exchange of dialysate, PDF from a new bag is mixed immediately with a residual volume of 195-255 ml in the peritoneal cavity [6] . The composition of the infused PDF then changes progressively during intraperitoneal dwell, with neutralization of its cytotoxicity occurring within 15 min of administration [7] . Prolonged exposure of peritoneal cells in vitro to fresh PDF therefore does not reflect the true in vivo state. Since the equilibration of pH is achieved within 15 min after infusion [7] , and the duration of dwell can be up to 6-10 h, it is pertinent to examine the effects of spent PDF, with which the resident peritoneal cells are in prolonged contact. It is now well established that the mesothelium is not only a structural barrier. It participates in fluid and solute transport during PD, and plays a pivotal role in intraperitoneal inflammatory responses. In this context, chemical insult to peritoneal mesothelial cells can induce the synthesis of cytokines, chemokines and growth factors, and is associated with accumulation and deposition of matrix proteins [8] . Cultured human peritoneal mesothelial cells (HPMCs) provide a relevant in vitro model to study the effect of PD solutions on cell proliferation and function, since previous studies have demonstrated that they possessed the same immunohistochemical markers as peritoneal mesothelial stem cells. We have assessed the effects of spent dextrose-based and amino acid-based PDFs (1.5% Dianeal and 1.1% Nutrineal, respectively) on the proliferation, viability, protein synthesis, cell doubling time after recovery, secretion of interleukin-6 (IL-6) and the ultrastructure of HPMCs. Our data demonstrated marked differences between the two PDFs.
Materials and methods
All chemicals were of the highest purity and were purchased from Sigma (China South, Hong Kong) unless otherwise stated. Tissue culture flasks, multiwell plates and polyethylene terephthalate (PET) track-etched membranes (0.4 mm diameter pore size) were purchased from Falcon (Becton Dickinson, Hong Kong), Thermanox plastic coverslips from ProSciTech (Gene Company, Hong Kong), and culture media and supplements from Invitrogen Technologies (Hong Kong). The cytotoxicity kit based on the release of lactate dehydrogenase (LDH) was purchased from Roche (Gene Company, Hong Kong). The IL-6 duoset enzyme-linked immunosorbent assay (ELISA) development system was purchased from R&D (Onwon Trading Inc., Hong Kong). The different types of PDF were obtained from Baxter Healthcare Corporation (Deerfield, IL, USA), namely 1.5% Dianeal (dextrose-based) and 1.1% Nutrineal (amino acid-based), the composition of which is shown in Tables 1 and 2 . A Millipore resistance meter was purchased from Minicell ERS, Millipore Inc., Bedford, MA.
We examined the effects of spent PDFs on the proliferation, viability, selected aspects of cell function and ultrastructure of HPMCs. Cell proliferation was assessed by both the MTT assay and direct cell counting. Cell viability was determined by LDH release. Total cell protein synthesis and cell doubling time were also measured. IL-6 secretion by HPMCs was measured using a specific ELISA. Ultrastructural morphology was studied using scanning and transmission electron microscopy.
Spent PDF samples and patients
PDFs were obtained from seven patients using Dianeal only, two patients using Nutrineal only, and five patients using both Dianeal and Nutrineal. Nutrineal was administered as one morning dwell daily. 
Culture of HPMCs
HPMCs were obtained by enzymatic digestion of omental specimens, from non-uraemic patients with informed consent at the time of abdominal surgery, and cultured in Medium 199 (M199) containing 5 mM D-glucose supplemented with 10% fetal calf serum (FCS) as previously described [9] . All experiments were performed on cells of the second passage that had been growth-arrested for 72 h. 
Assessment of cell proliferation
HPMCs were seeded into 96-well plates at a density of 10 000 cellsucm 2 and cultured in M199 supplemented with 10% FCS for 24 h. Thereafter, the cells were washed with phosphatebuffered saline (PBS) and incubated with M199 supplemented with 10% FCS containing (i) 5 mM D-glucose; (ii) 30 mM D-glucose; or spent samples of (iii) 1.5% Dianeal, or (iv) 1.1% Nutrineal. At selected time periods (0.5-5 days), cell proliferation was assessed by the addition of MTT (final concentration 0.5 mguml) to HPMCs during the final 4 h of the time point at 378C. The formazan product generated was solubilized overnight with 10% SDS in 0.01 M HCl, and the absorbance recorded at 520 nm with a reference wavelength of 690 nm.
LDH release
Confluent HPMCs were cultured under control and experimental conditions in 96-well tissue culture plates for selective time periods up to 48 h. Supernatants were collected, centrifuged for 10 min at 2000 g and assessed for LDH release using a commercially available cytotoxicity kit according to the manufacturer's instructions. The cytotoxicity of control and experimental samples was expressed as the percentage of LDH release compared with the total intracellular LDH content, the latter determined by lysis of representative cell monolayers using 2% Triton X-100 (vuv).
Determination of total cellular protein concentration
HPMCs cultured in triplicate in 96-well plates under control or experimental conditions were lysed with 4 M urea buffer, 20 mM sodium acetate, pH 6.0 containing 1% (vuv) Triton X-100 (50 ml). The protein concentration in each sample was determined using a modified Lowry assay according to the manufacturer's instructions (BioRad, Hong Kong).
Assessment of cell attachment and cell doubling time
Confluent HPMCs were cultured in 24-well tissue culture plates under control and experimental conditions for 24-72 h. Cell attachment was examined by direct cell counting at selective time points as described by Witowski and colleagues [3] . Cells were harvested by the addition of 0.05% (wuv) trypsinu0.02% (wuv) EDTA (300 ml) for 5 min at 378C, neutralized by the addition of M199 containing 10% FCS, and the number of cells counted directly using a Neubauer chamber (China South, Hong Kong). Trypsinized HPMCs subsequently were re-seeded at an equal density of 10 000 cellsucm 2 into new 24-well tissue culture plates in M199 containing 10% FCS. After 12 h, cell attachment was assessed, non-adherent HPMCs were removed, and adherent cells were washed twice with PBS, trypsinized and counted as above. In parallel experiments, HPMCs were continued in culture for 24 h prior to assessment of cell attachment by direct cell counting. Cell doubling time was calculated with the following equation:
where D time represents the incubation time, and counts A and B represent the number of HPMCs at the beginning and end of the incubation period, respectively [11] .
Determination of IL-6 concentration in culture supernatant
The IL-6 concentration in supernatants obtained from HPMCs cultured under control and experimental conditions for time periods up to 72 h was measured using a commercial ELISA kit according to the manufacturer's instructions. Lower and upper limits of the assay were 5 and 300 pguml, respectively.
Examination of HPMC ultrastructural morphology
Scanning electron microscopy. HPMCs were cultured on Thermanox coverslips or PET membranes under control and 
Statistical analysis
Results are expressed as mean"SD. All experiments were performed four times using HPMCs from four separate donors, unless otherwise stated. Statistical analyses were performed using SPSS version 10. Data from experimental groups and controls were compared using analysis of variance (ANOVA) and Bonferroni's multiple comparison procedure. P-0.05 was considered statistically significant.
Results
Effect of PDF on HPMC proliferation, cell viability and protein synthesis HPMC proliferation and viability were assessed under control and experimental conditions using the MTT assay and LDH release, respectively. Our preliminary experiments using serially diluted samples demonstrated that neither spent Dianeal nor Nutrineal PDF interfered with the LDH assay compared with M199 control.
HPMC proliferation was almost completely inhibited after incubation with 30 mM D-glucose for 3 days (48.27"4.2, 42.85"5.8 and 38.46"7.1% of control cells at ts3, 4 and 5 days, respectively, P-0.001 for all compared with controls). Similar findings were observed with spent Dianeal (34.4"4.8, 30.9"8.1 and 28.8"3.1% of control cells at ts3, 4, and 5 days, respectively; P-0.001 for all compared with controls) (Figure 1 ). Inhibition of HPMC proliferation was significantly less with Nutrineal (51.7"5.3, 47.6"5.2 and 55.3"7.2% of control cells for Nutrineal, at ts3, 4, and 5 days, respectively; P-0.001 for all samples compared with controls at the same time point).
Cytotoxicity was observed only with 30 mM Dglucose and spent Dianeal, which induced LDH release in a time-dependent manner (2.1-and 3.4-fold increase, respectively, compared with control after 24 h incubation, P-0.001 for both samples; Figure 2 ). Dianeal, but not 30 mM D-glucose, also inhibited cell protein synthesis (5.01"0.12 vs 2.75"0.53 mg proteinu10 4 cells, control vs Dianeal, P-0.001; Figure 3) . Nutrineal did HPMCs pre-exposed to 30 mM D-glucose, Dianeal or Nutrineal for 24, 48 or 72 h were re-seeded into new culture wells at identical cell density (10 000ucm 2 ), and allowed to recover in M199 supplemented with 10% FCS. The number of cells after 12 or 24 h of recovery did not differ among cells previously exposed to control or experimental conditions for up to 48 h ( Figure 5 , upper and middle panels). HPMCs pre-exposed to 30 mM D-glucose or Dianeal, but not Nutrineal, for 72 h showed significantly reduced number during recovery (P-0.001, P-0.0001 and Ps0.947, respectively; Figure 5 , lower panel). Mean cell doubling time was increased for HPMCs pre-exposed to 30 mM D-glucose or Dianeal for 48 or 72 h (Table 4, 
Secretion of IL-6 by HPMC
The combination of 30 mM D-glucose and spent 1.5% Dianeal significantly suppressed IL-6 secretion compared with 5 mM D-glucose (P-0.001 for 30 mM D-glucose vs control at all time points from 12 to 72 h, and P-0.0001 for Dianeal vs control at all time points from 12 to 72 h; Figure 6A ). Nutrineal increased IL-6 secretion by HPMCs in a time-dependent manner beginning at 24 h (P-0.0001 for all subsequent time points). The secretion of IL-6 was predominantly basolateral ( Figure 6B ).
Ultrastructural morphology of HPMC
HPMCs were seeded onto PET membranes or Thermanox coverslips, cultured under control or experimental conditions for 24 h, and examined by scanning electron microscopy. Preliminary experiments did not show significant shrinkage or disruption of the monolayer using either substratum (data not shown). Control Figure 7D) .
Transmission electron microscopic studies showed normal microvilli, mitochondria, rough endoplasmic reticulum and Golgi apparatus in HPMCs cultured under 5 mM D-glucose ( Figure 8A ). Numerous electron-dense and globular intracellular organelles with double membrane, compatible with dysfunctional mitochondria, were noted in cells exposed to 30 mM D-glucose or Dianeal ( Figure 8B , C and E). HPMCs incubated with Nutrineal showed no significant , and allowed to adhere for 12 or 24 h, after which the cells were trypsinized and counted using a Neubauer chamber. Cell doubling timesln (2) difference in internal organelles compared with control cells (Figure 8D ), except for the presence of irregularly shaped intracellular organelles with granulation and a single membrane, suggestive of lyzosomes ( Figure 8F ). The salient findings with regard to the effects of the different PDFs and glucose on HPMCs are summarized in Table 5 .
Discussion
Progressive deterioration of peritoneal transport function is a major hindrance to favourable clinical outcome in long-term PD. Such functional changes are accompanied by structural alterations of the peritoneal membrane, which include reduplication of the basement membrane, denudation of the mesothelium, deposition and accumulation of matrix proteins and modulation of the peritoneal vasculature [1] . The mesothelium represents the interface between the dialysate compartment and the submesothelial structures of the peritoneal membrane. Not only does the mesothelial monolayer serve as a mechanical barrier protecting the underlying elements from the unphysiological PDF, it also plays an active role in the inflammatory and synthetic responses upon stimulation by noxious stimuli. There is increasing evidence that perturbations in HPMC structure and function play a pivotal role in the pathogenesis of abnormalities in the peritoneal membrane during long-term PD. In this context, data to date suggest that the loss or degeneration of the mesothelium and modulation of cytokine and growth factor secretion by HPMCs are important steps in initiating thickening of the submesothelium and vasculopathy, both of which compromise peritoneal transport functions [1] .
There are minimal data on the effects of amino acidbased PDF on HPMC ultrastructure and function compared with conventional dextrose-based dialysate. Since many of the detrimental cellular effects of Dianeal have been attributed to glucose, we have included glucose at 30 mM for comparison. This concentration represents the intraperitoneal glucose concentration after equilibration of the dextrose-based PDF (see Table 3 ). Our data showed that HPMC ultrastructure was altered similarly after exposure to Dianeal or 30 mM D-glucose, which included cell enlargement, flattening and a reduction of microvilli. Giant mesothelial cells have been isolated from spent dextrosebased PDFs, and defective mitosis has been implicated [12] . The reduction of microvilli could contribute to alterations in peritoneal transport properties and increased susceptibility to frictional injury in long-term PD. Mitochondria are sites of ATP synthesis and a source of energy for various cell processes. A possible mechanism leading to the adverse effects of Dianeal or 30 mM D-glucose on HPMC proliferation, viability and function could be altered mitochondrial structure anduor function, as corroborated by the finding of dysfunctional mitochondria using transmission electron microscopy. Recent studies have shown that GDPs in dextrose-based PDF could also exert detrimental effects on cell viability [3] . Previous in vitro biocompatibility studies have demonstrated adverse effects of neat dextrose-based PDF or its constituents on HPMC proliferation, membrane integrity and IL-6 secretion [2] [3] [4] . Our data showed that these detrimental effects persisted even after intraperitoneal equilibration of 1.5% Dianeal for several hours. Thus, it is inappropriate to presume that the bio-incompatibility and unphysiological effects of neat dextrose-based PDF can be 'neutralized' within 30-45 min of equilibration with the intravascular milieu. Exposure of HPMCs to spent Nutrineal did not induce LDH release, alter protein synthesis or affect cell attachment. While Breborowicz et al. had reported cytotoxic effects with individual amino acids on peritoneal mesothelial cells [13] , our results were in agreement with previous studies using neat amino acid-based PDF [4, 5, 14] .
The differential effects of various PDFs on IL-6 secretion by HPMCs is of interest. Our results showed that IL-6 secretion was reduced by Dianeal but increased by Nutrineal. Furthermore, IL-6 secretion by HPMCs was predominantly basolateral. Polarized secretion of cytokines, chemokines and growth factors has been documented in peritoneal and pleural mesothelial cells, endothelial and epithelial cells [15] [16] [17] . Whilst Li et al. concluded that the apical secretion of RANTES, monocyte chemoattractant protein-1 (MCP-1) and IL-8 by HPMCs could provide a chemotactic gradient for the recruitment of leukocytes to areas of inflammation [15] , other researchers have demonstrated basolateral secretion of IL-6, hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) in colorectal carcinoma cells, intestinal epithelial cells and retinal epithelial cells [16, 17] . The basolateral secretion of IL-6 suggests its involvement in biological processes within the basal lamina and submesothelium. Sequestration of growth factors such as bFGF and transforming growth factor-b1 (TGF-b1) by proteoglycans in the extracellular milieu can protect them from proteolysis. Whether IL-6 secreted basolaterally into the subcellular matrix could be sequestered similarly remains to be investigated. IL-6 has often been regarded as a pro-inflammatory cytokine, inducible by lipopolysaccharide (LPS), tumour necrosis factor-a (TNF-a) or IL-1b, and the level of IL-6 in peritoneal fluid has been used as an indicator of peritoneal inflammation. It is prudent to note, however, that IL-6 has also been demonstrated to possess anti-inflammatory properties such as the downregulation of inflammatory mediators TNF-a, IL-1b, interferon-c or granulocyte-macrophage colonystimulating factor (GM-CSF) [18] . The exact role of IL-6 in the peritoneal membrane is therefore complex, and might vary according to the milieu of cytokines and growth factors. However, given that Nutrineal preserved the morphological and functional properties of HPMCs compared with Dianeal, we hypothesize that IL-6 in this instance acted as an antiinflammatory mediator. Studies are on-going to confirm this. The peritoneum in many patients on long-term PD manifests variable degrees of chronic inflammation. Whether the latter could be modulated by Nutrineal can only be elucidated by histological studies.
Denudation of the peritoneal mesothelium, a feature commonly observed in long-term PD, is related to the inability of mesothelial cells to attach to their substratum. In this context, our results demonstrated progressive cell detachment with increasing exposure time of HPMCs to Dianeal, resulting in denuded areas in the mesothelial monolayer. This impaired ability to attach to the substratum appeared initially to be a transient phenomenon which was potentially reversible, since when HPMCs were allowed to recover in M199 they exhibited attachment similar to control cells, but only when their prior exposure time to Dianeal was -48 h. The initial capability of Dianeal-treated HPMCs to recover their normal properties was corroborated by the cell doubling time studies, which showed that HPMCs exposed to Dianeal for short durations had cell doubling times comparable with control cells upon recovery. Integrins play a pivotal role in cell-cell and cell-extracellular matrix interaction. HPMCs synthesize a2b1, a3b1, a5, a6 and av integrins [19, 20] . Integrinmediated cell attachment can be modulated by mechanical or chemical stimuli, through structural anduor functional changes in integrin synthesis. While excessive synthesis and deposition of matrix components in the peritoneal membrane upon exposure to high glucose concentrations have been demonstrated [8] , the effect of PD on peritoneal integrin synthesis remains to be investigated.
In conclusion, we have demonstrated less severe perturbation of HPMC ultrastructure, proliferation, viability and cell attachment with amino acid-based PDF compared with conventional dextrose-based PDF. Given that spent dialysates differed only in their glucose concentration (28.15"8.43 vs 8.30" 1.38 mM, P-0.0001; Table 3 ), it is likely that elevated glucose per se initiated cell injury. HPMCs cultured with amino acid-based PDF also resulted in higher IL-6 secretion, indicative of improved synthetic capacity of the cells. It is unlikely that these results could be related to inter-individual differences, since serial samples from patients who had been treated with both Dianeal and Nutrineal showed consistent observations (Table 6 ). In view of the implications in the preservation of peritoneal structure and function, long-term studies to investigate the different effects on peritoneal structure and function exerted by dextrose-based or amino acid-based PDFs are indicated. 
